Introduction {#S5}
============

Current recommendations for use of biomarkers in research diagnostic criteria for Alzheimer's disease (AD) require that individuals are categorized as either normal or abnormal on biomarkers of amyloidosis and neurodegeneration.^[@R1]--[@R4]^ Established biomarkers of amyloidosis are amyloid PET and CSF Aβ42, and established biomarkers of neurodegeneration are CSF tau, FDG PET, and structural MRI. Tau PET imaging will be an important addition.^[@R5],\ [@R6]^ If biomarkers are used to classify individuals as amyloid positive (A+) or negative (A−), and neurodegeneration positive (N+) or negative (N−), then all participants can be placed into one of four biomarker states: A−N−, A+N−, A−N+, or A+N+.

While the A/N biomarker classification system arose from the integration of biomarkers into AD diagnostic criteria,^[@R1]--[@R4]^ the system extends beyond the AD spectrum. Participants who are A−N− have no biomarker evidence of AD pathology. In addition, we have labeled amyloid negative participants who have AD-like neurodegenerative biomarkers (i.e., A−N+) as suspected non-Alzheimer's pathophysiology (SNAP).^[@R7]^

In a large sample of cognitively normal for age (not including mild cognitive impairment, MCI) participants aged 50--89 years, from a population-based cohort, we recently observed that frequencies of the four biomarker states (defined by imaging) varied dramatically by age.^[@R8]^ We hypothesized that the age-dependent variation may be due to transitions of individual participants from a less- to more-abnormal biomarker state with advancing age. However, because our analysis was cross-sectional, we could not make inferences about rates of transitions between biomarker states.

Transition rates illustrate important measurable aspects of the biology underlying brain aging including both AD and non-AD processes and thus are of interest to a general neurological audience. Our primary objective in this study was to estimate the transition rates between the six states shown in [Fig 1](#F1){ref-type="fig"}: the four non-demented biomarker states of A−N−, A+N−, A−N+ (SNAP), and A+N+ along with transition rates to dementia and death, two states that are fundamental components of any population progression model. The arrows between the boxes ([Fig 1](#F1){ref-type="fig"}) illustrate the possible biological transitions. To estimate these rates, we used a population-based sample of Olmsted County, Minnesota residents who were not demented (i.e., categorized as cognitively normal for age or MCI) at baseline.^[@R9]^

Methods {#S6}
=======

Study design and participants {#S7}
-----------------------------

All participants were enrolled in the Mayo Clinic Study of Aging (MCSA). The MCSA is a longitudinal population-based study of cognitive aging among Olmsted County, Minnesota, residents.^[@R9]^ Baseline and follow-up MCSA visits occurred approximately every 15 months and included: a medical and history review and an interview with a study partner performed by a study coordinator; a medical history review, mental status examination, and a neurological examination by a physician; and a comprehensive neuropsychological examination ^[@R9]^. At a consensus conference, the study coordinator, physician, and neuropsychologists determine a clinical diagnosis. For the purposes of this study, participants were assigned a diagnosis of demented or not demented using established criteria for dementia.^[@R3]^ All 4049 participants in the current study were non-demented at baseline.

Imaging data from the 1541 MCSA participants who had amyloid PET, FDG PET, and MRI scans using identical PET and MRI study protocols were used in the study. The imaging tests were obtained from March 2006 to April 2015. The median time between MRI and PET imaging was: 12 days, interquartile range (IQR): 3--28 days.

This study was approved by the Mayo Clinic and Olmsted Medical Center Institutional Review Boards (both Rochester, MN, USA), and all participants provided written informed consent at the time of enrollment.

Procedures {#S8}
----------

Amyloid PET imaging was performed with Pittsburgh Compound B.^[@R10]^ FDG PET was obtained on the same day. Amyloid PET and FDG PET were analyzed with our in-house fully automated image processing pipeline^[@R11]^ where image voxel values are extracted from automatically labeled regions of interest (ROIs) propagated from an MRI template.

MRI was performed on one of three 3T General Electric systems. The cortical surface was parcellated using Freesurfer (version 5.3). We formed an AD-signature cortical thickness measure^[@R12]^ composed of the following individual cortical thickness ROIs: entorhinal, inferior temporal, middle temporal, and fusiform ^[@R13]^. We used this AD signature thickness measure in the current analysis rather than the more common adjusted hippocampal volume. Unlike hippocampal volume ^[@R14]^, the AD signature thickness measure is not significantly associated with head size and therefore no statistical adjustment for head size is necessary. In addition since men on average have larger heads than women, a gender-dependent head size effect is imparted to hippocampal volume but not to AD signature thickness ^[@R15]^. We recently demonstrated that important features associated with grouping individuals into amyloidosis and neurodegeneration states are preserved across different imaging definitions of neurodegeneration ^[@R13]^.

Definition of abnormality and biomarker states {#S9}
----------------------------------------------

The normal/abnormal cut-point for the PET and MRI measures was set at the 90^th^ percentile (mild end of the range) of an updated group of 75 AD patients from the Mayo Clinic using the approach described elsewhere.^[@R7]^ Abnormal amyloid PET was defined as SUVR \>1.40. This cut-point of 1.4 for Pittsburgh Compound B SUVR using our processing pipeline corresponds to Thal phase 1 ^[@R16]^ and therefore our amyloid PET cut-point was supported by the best possible gold standard (autopsy). We used the same criteria for FDG and MRI (90^th^ percentile of ADs) as we did for defining the amyloid PET cut-point. Abnormal FDG PET SUVR was defined as \<1.32 and abnormal AD signature cortical thickness as \<2.74 mm. Neurodegeneration was defined as abnormal AD signature thickness ^[@R13]^, abnormal FDG PET, or both.

Statistical methods {#S10}
-------------------

We used a multi-state Markov (MSM) model to estimate the rates of transition between the different states illustrated in [Fig 1](#F1){ref-type="fig"}. The transition rates of interest in our model were across four biomarker states (A−N−, A+N−, A−N+, or A+N+) among non-demented participants and from the two N+ biomarker states to dementia (see arrows in [Fig 1](#F1){ref-type="fig"}). The model also included rates from each of these states to death and a rate from more abnormal to less abnormal biomarker states (i.e. "backward" transitions) to account for misclassification.

The overall likelihood was maximized using the R statistical package. Our approach closely followed that of the msm package in R.^[@R17]^ a complete summary is given in the [supplementary material](#SD1){ref-type="supplementary-material"}. An important feature of our approach is that we took advantage of three types of data. First, because the MCSA is population-based, the initial state of each imaged subject can be viewed as reflective of non-demented subjects of that age and sex. These initial biomarker state frequencies provide one portion of the likelihood to be maximized. Second, subjects with multiple determinations of their state (clinical or imaging) can be compared to computed transition probabilities, providing a second portion of the likelihood. Third, we took advantage of the fact that Olmsted County death rates are nearly identical to those for Minnesota^[@R18]^. These rates are almost perfectly log-linear for ages 50--95. We assumed the same slopes and male:female rate ratios for our data set, replacing eight somewhat poorly determined parameters (male and female, intercept and slope, demented, and non-demented) with two parameters, the relative death rate for demented and non-demented as compared to the underlying population.

The MCSA participants who had only a single non-imaging baseline visit and no other follow-up did not contribute any information towards estimating transition rates, and were therefore excluded. All 4049 remaining eligible participants of the MCSA and all visits (clinical or imaging) for those participants were used in the analysis, although the statistical information from each observation varied (see [supplementary materials](#SD1){ref-type="supplementary-material"} for full details).

Over the age of 50, population death rates are almost perfectly log-linear. Motivated by this we initially modeled all six transition rates of interest, as well as the rates to death, as having the form rate(age) = exp(β~0~ + β~1~age) where β~0~ and β~1~ were coefficients to be estimated. Rates of this form are log-linear, i.e., linear after a natural logarithm transformation. We then used likelihood ratio tests to determine whether relaxing the log-linearity assumptions via restricted cubic splines (one rate at a time) improved the model fit. The A−N− to A+N− transition was found to be non-linear (on the log scale); however, no additional non-linear rates further improved the fit.

Other summaries, e.g., population frequencies, can be computed from the fitted rates using standard methods. Assuming for instance a starting cohort of 50-year-old non-demented participants, the predicted population structure at ages 50--90 can be derived. These probabilities can be interpreted as the frequencies of each of the six states (non-demented A−N−, A+N−, A−N+, A+N+; dementia; death) at a given age. We note that because of differences in death rates for men and women, 1-year transition probabilities differ by sex and thus the biomarker frequencies do as well. Therefore, the reported frequency curves are averaged among men and women. We compared these estimated frequencies with those from a cross-section multinomial model to evaluate whether the rates-based model adequately captured the age-related variation in cross-sectional frequencies.

Role of the funding source {#S11}
--------------------------

The funders of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. All authors had full access to all the data in the study. The corresponding author had final responsibility for the decision to submit for publication.

Results {#S12}
=======

Demographics {#S13}
------------

A total of 4049 MCSA participants who were non-demented at baseline (3512 \[87%\] cognitively normal for age and 537 \[13%\] MCI) were included in our analysis with a subset of 1541 participants undergoing imaging ([Table](#T1){ref-type="table"}). There were a total of 15,225 clinical assessments, 2193 of which included concurrent imaging assessments (each composed of MRI, FDG PET, and amyloid PET). Among participants with clinical follow-up, there was a median (IQR) of 4.0 (2.1, 7.0) years of follow-up. Among the participants with imaging, 1052 participants had only one imaging assessment, 348 had exactly two, 120 had exactly three, and 21 had more than three. Among the 489 subjects with serial imaging, there was a median (IQR) of 2.6 (1.6, 3.9) years of imaging follow-up.

The proportion of APOE ε4 carriers was greater in participants with amyloidosis (109/247 \[44%\] in A+N− and 119/283 \[42%\] in A+N+) than without amyloidosis (157/778 \[21%\] in A−N− and 43/233 \[19%\] in A−N+). Men tended to have more neurodegeneration than women as evidenced by the proportion of men being 9 percentage points higher for A−N+ compared to A−N− (145/233 \[62%\] vs. 409/778 \[53%\]) and for A+N+ compared to A+N− (154/283 \[54%\] vs. 111/247 \[45%\]).

Annual state-to-state transition rates by age {#S14}
---------------------------------------------

A table of transitions observed in our data can be found in the [supplementary materials](#SD1){ref-type="supplementary-material"}. Estimated transition rates corresponding to the arrows in [Fig 1](#F1){ref-type="fig"} are plotted on the arithmetic scale by age in [Fig 2](#F2){ref-type="fig"} and separately with 95% CIs on the natural logarithm scale in [Fig 3](#F3){ref-type="fig"}. All transition rates were low at age 50 (fewer than three transitions per 100 person-years for all) and (with one exception) were well-characterized by an exponential increase with age. The one exception was the transition rate from A−N− to A+N− which increased to seven transitions per 100 person-years in the 70s and then plateaued. Overall the confidence bands around the rate estimates were fairly narrow; however, uncertainty in the transition rate estimates was greater at the younger ages, and there was limited precision in the estimate of the A−N+ to dementia rate ([Fig 3](#F3){ref-type="fig"}).

In [Figure 4](#F4){ref-type="fig"} we present pairwise comparisons of transition rates. We report the estimated difference in transition rate by age along with 95% CIs for the difference. Ages at which the 95% CI does not include zero are interpreted as indicating significant difference in transition rates at p\<0.05.

The six transition rates are shown in the context of our overall transition model at ages 65, 75 and 85 years in [Fig 5](#F5){ref-type="fig"}. To facilitate comparisons, we point out three different comparison-pairs of transitions moving from left to right (less- to more-abnormal) in the overall model ([Fig 1](#F1){ref-type="fig"}). First, from age 65 to age 85 the A−N− to A+N− rate increased from 4.0 to 7.0 per 100 person-years for a 1.7-fold (95% CI: 0.9--3.6) increase, whereas the A−N− to A−N+ rate increased from 1.6 to 17.2 per 100 person-years for an 11.0-fold (95% CI: 7.4--16.3) increase. Second, the A+N− to A+N+ rate increased from 6.1 to 20.8 per 100 person-years for a 3.4-fold (95% CI: 2.0--5.6) increase, whereas the A−N+ to A+N+ rate increased from 2.6 to 13.2 per 100 person-years for a 5.0-fold (95% CI: 2.1--12.4) increase. Third, the A+N+ to dementia rate increased from 0.8 to 7.0 per 100 person-years for an 8.6-fold (95% CI: 4.7--15.5) increase, whereas the A−N+ to dementia rate increased from 0.6 to 1.7 per 100 person-years for a 2.6-fold (95% CI: 0.2--30.6) increase.

Of secondary interest, the non-demented subjects had a death rate which was 0.53 (95% CI: 0.48, 0.58) times that for an age- and sex-matched sample from the population, while demented subjects' death rate was 2.7-fold (95% CI: 2.4, 3.1). The estimated rate of transitioning from a more-abnormal to a less-abnormal biomarker state (i.e. "backward transitions"), included in the model to account for possible misclassifications, was very low at 0.025. We did not include transitions from A−N− or A+N− to dementia in our model due to the rarity of observed transitions between these states in our data (0 transitions from A+N− to dementia and 1 from A−N− to dementia). Also, we only observed one direct transition from A−N− to A+N+ at the next visit. Instead of directly estimating this rate, our model assumes this subject passed through an intermediate state at some point during the observation interval. This seems a reasonable assumption as the odds that a transition from A− to A+ and N− to N+ actually occurs at precisely the same instant is infinitesimally small.

Frequencies of six possible states by age {#S15}
-----------------------------------------

Assuming a cohort of A−N− individuals aged 50, we used the rates from the transition model to estimate the frequency of each state as the cohort ages from 50 to 90 ([Fig 6a](#F6){ref-type="fig"}). The estimated frequency of non-demented individuals (the sum of the frequencies of all four A/N states) decreased dramatically at older ages, with a steeper downward slope from age 70 onward ([Fig 6a](#F6){ref-type="fig"}). The frequency of demented individuals increased beginning in the mid-70s to a maximum of about 7% in the late-80s. The frequency of death increased approximately exponentially reaching 73% by age 90.

[Fig 6b](#F6){ref-type="fig"} illustrates the biomarker state frequency data among those who were non-demented and alive by age so that the frequencies of the four biomarker states sum to 100% at each age. Among those who were alive and non-demented, the frequency of A−N− decreased to 7% by age 90, the frequency of A+N+ increased to 58% by age 90, the frequency of A−N+ increased to a plateau around 24% in the mid-80s, and the frequency of A+N− decreased to 12% at age 90 after peaking at 25% in the 70s.

[Fig S1](#SD1){ref-type="supplementary-material"} shows that our multi-state model for the rates captures the observed cross-sectional frequencies quite well and thus provides some validation in support of our fitted model. A simple rate model is useful for describing the underlying change in biology even though the observed states in the population has a much more complex appearance with different states waxing and waning in their contribution by age.

Discussion {#S16}
==========

Our major findings are: (1) a very simple model for the rates of biomarker transitions can lead to a complex interplay of observed biomarker states. This is important because unlike age-specific frequencies, state-to-state transition rates can be thought of as direct measures of underlying biological processes; (2) incident amyloidosis rates on a background of no preexisting neurodegeneration (A−N− to A+N−) are most dynamic in the 60--75 age range while incident neurodegeneration rates on a background of no preexisting amyloidosis (A−N− to A−N+) are particularly dynamic from about age 70 onward; (3) from about age 70 onward, the rate of developing neurodegeneration after amyloidosis is higher than the rate of developing amyloidosis after neurodegeneration; (4) the transition to dementia almost always requires neurodegeneration, and (5) among those with neurodegeneration, from the late 70s onward the rate of transitioning to dementia is higher among those with amyloidosis than those without.

Comparison of the A−N− to A+N− rate (the light blue line in [Fig 2](#F2){ref-type="fig"}) and the A−N− to A−N+ rate (the light green line in [Fig 2](#F2){ref-type="fig"}) provides insight into the two types of transitions out of A−N−. These are the left-most pair of rates in [Figs 1](#F1){ref-type="fig"} and [5](#F5){ref-type="fig"}. The rate of A−N− to A+N− is greater than the rate of A−N− to A−N+ in the 60--75 age range, but in the 80s the rate of A−N− to A−N+ is much higher ([Fig 4](#F4){ref-type="fig"}). This suggests that incident amyloidosis on a background of no preexisting neurodegeneration (A−N− to A+N−) is more characteristic of non-demented individuals in the 60--75 age range whereas incident neurodegeneration on a background of no preexisting amyloidosis (A−N− to A−N+) is more characteristic of non-demented individuals in their 80s. A+N− identifies someone as being in the AD pathway.^[@R4]^ In contrast, we^[@R7],\ [@R19]^ have argued that the neurodegeneration in A−N+ (SNAP) participants must represent some mixture of amyloid-independent neurodegenerative or cerebrovascular etiologies that increase in prevalence with aging,^[@R20]--[@R22]^ including aging itself.^[@R23],\ [@R24]^

The A−N− to A+N− transition deserves special mention because it is the only rate that does not increase exponentially with age. While we cannot definitely say why the A−N− to A+N− rate plateaus in the 70s, we are confident this finding is accurate because the narrow confidence intervals in the top left panel of [Fig 3](#F3){ref-type="fig"} rule out a straight-line (log-linear) fit. One possible, though speculative, explanation for this plateauing is that the A−N− state consists of two pools of individuals; those who are inherently susceptible to developing amyloidosis and those who are resistant. If this is the case, the rapidly increasing rate of A−N− to A+N− seen from 60--70 would be driven by susceptible individuals who leave the A−N− risk pool upon transition to A+N−. The flat rate in the 70s and beyond would be driven by individuals who are inherently resistant to amyloidosis.

Comparison of the A+N− to A+N+ rate (the dark green line in [Fig 2](#F2){ref-type="fig"}) and the A−N+ to A+N+ rate (the dark blue line in [Fig 2](#F2){ref-type="fig"}) highlights the two pathways into the most advanced biomarker state (A+N+). These are the middle pair of rates in [Figs 1](#F1){ref-type="fig"} and [5](#F5){ref-type="fig"}. An A+N− to A+N+ transition denotes an amyloid-first sequence while A−N+ to A+N+ denotes a neurodegeneration-first sequence into A+N+. Throughout the entire age range, the A+N− to A+N+ rate exceeds the A−N+ to A+N+ rate (although the difference is significant only from age 70 to mid-80s), which suggests that the intensity of the amyloid-first pathway is greater throughout adult life.

Comparison of the A+N+ to dementia rate (the dark red line in [Fig 2](#F2){ref-type="fig"}) and the A−N+ (SNAP) to dementia rate (the light red line in [Fig 2](#F2){ref-type="fig"}) provides insight into events leading to dementia. These are the right-most pair of rates in [Figs 1](#F1){ref-type="fig"} and [5](#F5){ref-type="fig"}. All participants who transition from A+N+ to dementia would meet International Working Group (IWG) and National Institute of Aging-Alzheimer's Association (NIA-AA) (highest probability) criteria for AD dementia.^[@R1],\ [@R3]^ The A+N+ to dementia rate is greater than the A−N+ (SNAP) to dementia from the late-70s onward ([Fig 4](#F4){ref-type="fig"}), indicting the clinically malignant nature of the A+N+ state.

We have not modeled transitions from A−N− or A+N− directly to dementia because the number of participants in our sample making these direct transitions was negligible and just as importantly, was not necessary to achieve good prediction. The clear implication is that neurodegeneration is the direct temporal precursor to dementia -- not isolated amyloidosis (A+N) nor A−N−. This in turn supports the concept that, for individuals in the AD pathway, amyloidosis is necessary but not sufficient to produce AD dementia.^[@R25]--[@R30]^ We did not distinguish between types of dementia in our model. Of the 247 cases of incident dementia, the clinical diagnosis was AD dementia in 166; vascular dementia in 15; and dementia with Lewy bodies in 10. Diagnoses in the remaining cases were less frequent conditions or were simply labeled dementia without a specific hypothesized etiology.

Comparison of the A+N− to A+N+ rate (the dark green line in [Fig 2](#F2){ref-type="fig"}) and the A−N− to A−N+ rate (the light green line in [Fig 2](#F2){ref-type="fig"}) addresses the question, "does amyloid induce neurodegeneration?" The A+N− to A+N+ rate exceeds the A−N− to A−N+ rate from age 50 until the 80's where the two rates become similar. These data are consistent either with the concept that amyloidosis induces neurodegeneration or that there is a common upstream cause for both throughout much of the adult lifespan.^[@R31],\ [@R32]^

A motivation for the present study, hypothesized in our 2014 paper ^[@R8]^, was to assess if state-to-state transition rates could explain observed differences in biomarker state frequencies with age. In the current study, which includes all 985 subjects from the 2014 paper, we found that a multi-state model with simple rate functions (all log-linear except one) fit the data well ([Fig S1](#SD1){ref-type="supplementary-material"}) and thus is useful in explaining complex, highly interdependent state frequencies. The interrelationship between rates and population frequencies is not always intuitive and it is important to understand the distinction between rates and frequencies; the two can be very different. The rates can be thought of as describing the effect of an underlying disease process while the frequencies indicate the number of people in each state observed in the population. The rate of a transition could be very high, but if there are very few people at risk for that transition, the actual number of transitions observed would be small. A commonly used example is the fact that annual death rate among centenarians is very high while the number of observed deaths is small.

In our study, we saw the A+N− to A+N+ rate (a later transition) was always higher than the A−N− to A+N− rate (an earlier transition). This finding would seem unintuitive given that a risk pool of A+N− subjects must exist to undergo transitions to A+N+. However, since the pool of A−N− subjects is much larger than the pool of A+N− subjects at younger ages, the actual number of people transitioning from A−N− to A+N− is larger than the number transitioning from A+N− to A+N+. A key strength of our study is that we can characterize the intensity of different aspects of brain aging via rates and summarize the results of these processes at the population level via frequencies.

Our study has some limitations. With respect to the model fit itself, the clinical follow-up period was relatively short (median 4.0 years, IQR 2.1--7.0) as was the imaging follow-up (median 2.6 years, IQR 1.6--3.9). The study would have been improved by the addition of CSF biomarkers and tau PET. We had inadequate power to analyze the effects of sex and APOE on biomarker transition rates. Thus, APOE ε4 carriers and non-carriers, and men and women were pooled. At the baseline imaging visit; however, those with amyloidosis (both A+N− and A+N+) were more often APOE carriers ([Table](#T1){ref-type="table"}), and a higher proportion of men than women were neurodegeneration positive. Thus, we do see sex and APOE differences at baseline consistent with APOE ε4 increasing the likelihood of amyloidosis^[@R8],\ [@R33],\ [@R34]^ and male sex^[@R8],\ [@R34]^ increasing the likelihood of neurodegeneration.

We refer to participants who underwent imaging as being drawn from a population based cohort. Still, it is reasonable to question the effect of participation bias in the subset who agreed to imaging. We note that the [Table](#T1){ref-type="table"} shows only minor demographic differences in the imaged sample compared to the overall sample. We also note that in a sensitivity analysis we found no difference in dementia rates among those who did vs did not participate in imaging (see [supplementary material](#SD1){ref-type="supplementary-material"}). Thus while participation bias in imaging may exist, it does not seem to be related to the primary clinical outcome of dementia.
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![Diagram of the multi-state transition model\
Each node denotes one of the six states in the model. Node shapes denote the type of state. Ovals represent the four different A/N biomarker states among non-demented participants. The rounded box represents dementia. The rectangular box represents death. The six arrows represent the six forward transition rates between states that were estimated in our model. All states were allowed to transition to death in the model; however, for the sake of readability we do not show the arrows corresponding to transitions to death. Our model allowed each transition rate to vary by age and so we estimated the transition rate corresponding to each arrow for a specified age. While theoretically subjects should only move from less abnormal to more abnormal states, in reality, some "backward" transitions were observed in our data. These backward transitions were rare and likely due to misclassification, but to accommodate them, the model included a single estimated transition rate from a more abnormal to a less abnormal biomarker state (0.025) that did not vary by age (arrows not shown).](nihms760378f1){#F1}

![Estimated biomarker transition rates by age\
The A−N− to A+N− transition rate was allowed to vary non-linearly on the log scale with age by modeling it with restricted cubic splines with knot as ages 55, 65, 75, and 90. All other transitions were modeled with linear (on the log-scale) age effects. Blue shades indicate transitions from A− to A+. Green shades indicate transitions from N− to N+. Red shades indicate transitions to dementia.](nihms760378f2){#F2}

![Confidence intervals for estimated biomarker transition rates plotted on log scale\
Note the difference in the scale between [Fig 2](#F2){ref-type="fig"} (arithmetic scale) and Fig 3 (log scale). The data in Fig 3 are plotted on log scale to demonstrate variance around the regression line for each rate in terms of coefficient of variation. Shaded areas indicate 95% pointwise confidence intervals. Confidence intervals were obtained by first randomly generating 10,000 multivariate normal variates centered at the maximum likelihood estimates with the variance-covariance matrix equal to the inverse of the negative of the Hessian matrix. Age-specific rates were calculated for each of the 10,000 variates and the 95% pointwise CIs were calculated as the 2.5^th^ and 97.5^th^ quantiles of these simulated age-specific rates.](nihms760378f3){#F3}

![Estimates and 95% confidence intervals for differences between transition rates for selected transitions\
We interpret 95% CIs that do not include the null value of zero as significantly different at p\<0.05. Confidence intervals for the difference in rates were obtained as described for [Figure 3](#F3){ref-type="fig"} except that the 2.5^th^ and 97.5^th^ quantiles were calculated not from the distribution of simulated rates but from the distribution of the difference in simulated rates (i.e., the 2.5^th^ and 97.5^th^ quantiles of the 10,000 simulated rate differences at each age).](nihms760378f4){#F4}

![Transition rates among the four biomarker states within non-demented participants and to dementia at ages 65, 75, and 85 years\
Rates are expressed as number of transitions per 100 person-years (95% CI).](nihms760378f5){#F5}

![Estimated frequency of states by age\
Assuming a cohort of non-demented A−N− participants aged 50, we used the transition rates to estimate what the frequency of each state will be as these participants age from 50 to 90. Panel A shows the estimated frequency of non-demented (cognitively normal for age and MCI) participants, participants with dementia, and participants who have died by age. Panel B shows the estimated frequency of participants in each of the four biomarker groups by age among those participants who remain alive and non-demented.](nihms760378f6){#F6}

###### 

Baseline characteristics of study participants overall and by biomarker status at the first imaging visit

  Characteristic                                                            All MCSA n=4049   Imaged MCSA n=1541   A−N− n=778          A+N− n=247          A−N+ n=233          A+N+ n=283
  ------------------------------------------------------------------------- ----------------- -------------------- ------------------- ------------------- ------------------- -------------------
  Clinical diagnosis, n (%)                                                                                                                                                    
   CN                                                                       3512 (87%)        1355 (88%)           739 (95%)           222 (90%)           197 (85%)           197 (70%)
   MCI                                                                      537 (13%)         186 (12%)            39 (5%)             25 (10%)            36 (15%)            86 (30%)
  Age, years, median (IQR)                                                  75 (69, 81)       72 (64, 79)          66 (60, 73)         74 (69, 79)         77 (72, 83)         81 (77, 85)
  Male gender, n (%)                                                        2060 (51%)        819 (53%)            409 (53%)           111 (45%)           145 (62%)           154 (54%)
  APOE ε4 positive, n (%)                                                   1091 (28%)        428 (29%)            157 (21%)           109 (44%)           43 (19%)            119 (42%)
  Education, years, median (IQR)                                            14 (12, 16)       14 (12, 16)          15 (13, 17)         14 (12, 16)         14 (12, 16)         14 (12, 16)
  MMSE score, median (IQR)                                                  28 (27, 29)       29 (27, 29)          29 (28, 29)         29 (27, 29)         28 (27, 29)         28 (27, 29)
  Amyloid PET, SUVR                                                                                                                                                            
   Median (IQR)                                                                               1.34 (1.28, 1.49)    1.29 (1.25, 1.33)   1.60 (1.46, 1.91)   1.32 (1.28, 1.35)   1.81 (1.50, 2.24)
   \> 1.40, n (%)[\*](#TFN1){ref-type="table-fn"}                                             530 (34%)            0 (0%)              247 (100%)          0 (0%)              283 (100%)
  FDG PET, SUVR                                                                                                                                                                
   Median (IQR)                                                                               1.46 (1.35, 1.57)    1.53 (1.45, 1.62)   1.46 (1.40, 1.55)   1.31 (1.25, 1.44)   1.28 (1.21, 1.37)
   \< 1.32, n (%)[\*](#TFN1){ref-type="table-fn"}                                             333 (22%)            0 (0%)              0 (0%)              142 (61%)           191 (67%)
  AD signature thickness, mm                                                                                                                                                   
   Median (IQR)                                                                               2.88 (2.76, 2.98)    2.95 (2.86, 3.03)   2.90 (2.83, 2.98)   2.72 (2.64, 2.81)   2.68 (2.57, 2.78)
   \< 2.74, n (%)[\*](#TFN1){ref-type="table-fn"}                                             341 (22%)            0 (0%)              0 (0%)              141 (61%)           200 (71%)
  Subjects with follow-up, n (%)                                            3840 (95%)        1158 (75%)           510 (66%)           199 (81%)           203 (87%)           246 (87%)
  Years of follow-up, Median (IQR)[†](#TFN2){ref-type="table-fn"}           4.0 (2.1, 7.0)    2.6 (1.2, 3.9)       2.1 (1.1, 3.8)      2.6 (1.2, 4.0)      3.7 (2.4, 4.6)      3.6 (2.3, 4.1)
  Subjects with serial imaging, n (%)                                                         489 (32%)            190 (24%)           89 (36%)            96 (41%)            114 (40%)
  Years of imaging follow-up, Median (IQR)[‡](#TFN3){ref-type="table-fn"}                     2.6 (1.6, 3.9)       2.5 (2.2, 3.9)      2.7 (1.4, 3.9)      2.7 (1.4, 3.9)      2.6 (1.4, 3.8)

Number (%) of subjects classified as abnormal on the imaging measure of interest by group

Years of follow-up are shown among subjects calculated as time from baseline visit to last follow-up and among the imaging subset from first imaging visit to last follow-up. Note that some imaging subjects also had visits prior to the first imaging visit which are not summarized in the table but were included in the model.

Years of imaging follow-up shown among subjects with serial imaging data

###### Research in Context

Evidence before this study {#S25}
==========================

We searched PubMed for reports published in English from March 2005 to October 7, 2015 with the search terms "aging and brain volume", "amyloid PET", "aging and amyloid PET", and "aging and FDG PET", "aging and brain atrophy". We included studies in which participants underwent cross-sectional or serial biomarker tests that enabled assessment of both amyloidosis and neurodegeneration.

Added value of this study {#S26}
=========================

We found no prior studies that provided estimates of rates of AD biomarker state transitions by age. We also found that studies that included serial multi-modality imaging assessment of non-demented individuals using MRI, FDG PET, and amyloid PET usually did not include a wide age range and/or involved groups of selected volunteers rather than population-based samples.

Implications of all the available evidence {#S27}
==========================================

Because our baseline group was non-demented, the biomarker group labels do not map onto categories currently defined by either the NIA-AA or IWG, which separate those who are cognitively normal for age from those with a mild cognitive impairment. We do not regard the composition of our baseline group as a limitation because the concept of being non-demented is familiar and meaningful to clinicians. In addition, by pooling these participants we gain numbers of transitions which are needed to power the present analysis.

Unlike age-specific frequencies, state-to-state transition rates can be thought of as direct measures of the intensity of underlying biological processes acting on an individual. The fact that transition rates of A−N− to A−N+ (SNAP); A+N− to A+N+; A−N+ (SNAP) to A+N+; A+N+ to dementia; and A−N+ to dementia all fit a simple exponential functional form with age is noteworthy ([Figs 2](#F2){ref-type="fig"}--[5](#F5){ref-type="fig"}). Thus, key aspects of brain aging can be conceptualized as a nearly inevitable *acceleration* toward worse biomarker and or clinical states. On a positive note, however, because these state-to-state transition rates increase exponentially with age, a small therapeutically induced reduction in these transition rates from a less- to a more-abnormal state in middle age can be expected to result in important reductions in population frequencies of worse states at later ages.

Assuming a cohort of non-demented A−N− individuals at age 50, by age 90, 73% would be deceased, and 79% would be deceased or demented ([Fig 6a](#F6){ref-type="fig"}). Therefore, when interpreting biomarker modeling data in very old non-demented participants, it is important to bear in mind that these participants represent only a small fraction of their age cohort. Participants who are alive and non-demented beyond age 85 or so are well outside the norm for their age cohort, and represent highly successful aging.
